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Abstract —-This paper proposes a novel moving-coil voice 
coil motor(VCM) used for driving nano-positioning device. This 
VCM implements bilateral Halbach array permanent magnet as 
the stator and three separated coils with the slotted coil skeleton 
as the mover.. The VCM can achieve large stroke and nano-level 
positioning accuracy with the support of the compliant 
mechanism. Equivalent magnetic circuit method and the finite 
element analysis (FEA) are used in this paper to analyze the 
performance of the VCM. The analysis results show that the 
VCM can achieve a force-current ratio of 90 N/A and force 
ripple of +0.19 N, which are superior than the previous designs 
in the literatures . 
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I. INTRODUCTION 


Nano-positioning device are widely used in sophisticated 
manufacturing, micro manipulation, and ultra-precision 
measurement. Currently, most nano-positioning devices are 
driven by piezoelectric actuators with the advantages of 
compact body, small size and high resolution. However, 
piezoelectric actuator has some drawbacks such as hysteresis, 
nonlinear and temperature sensitive characteristics, creep 
properties and small output force and stroke”!. Compared 
with piezoelectric actuator, VCM can meet the requirements 
of large stroke with the range from a few microns to several 
hundred millimeters; the linear relationship between output 
force and current of the VCM not only provides a foundation 
for precise positioning, but also reduces the difficulty of 
control; the cost of micro-nano positioning stage in full life 
cycle can be reduced by long life cycle and stable 


performance of VCM", 


With the development of precision engineering, more 
and more applications require nano-positioning device to 
meet the large stroke and nanometer positioning accuracy 
simultaneously. But this request is quite hard to realize 
because these two properties are usually contrary “!. Large 
output force is the determinant to realize big stroke. 
Meanwhile, small force ripple can make the control much 


easier for nanometer level positioning. 


Tat Joo Teo has proposed a new structure of the VCM 
with the force-current ratio of 60 N/A and force ripple of +0.3 
N "l, BEI Technologies INC produced linear VCM with 
stroke 0.5mm ~ 50mm, output force range 0.34N ~ 300N"". 
H.Yajima researched the relationship between the size of 
moving coils and the resistance of coils !°!'These works make 
contributions for the development of the VCM. However, the 
force-current ratio of the VCMs can still be improved to make 
the motor compact or to achieve larger stroke. 


To ensure the VCM generating a large output force, 
bilateral Halbach array and parallel structures are used in this 
design. Such design can greatly increase the flux density in 
the air gap and hence generate large output force accordingly. 
Coil skeleton generates eddy current when the motor is in the 
operation. Eddy current can improve the stability of the 
system by increasing the damping of whole system. But large 
eddy current has negative effects on the output force. 
Therefore, slotted coil skeleton which can reduce eddy current 
is implemented in this paper to attain satisfactory performance 
of the VCM. 


Equivalent circuit method and FEA are used in this paper 
to analyze the motor performance. The results show that the 
proposed design has superior force-current ratio and force 
ripple compared with previous VCM design in the literatures. 


Il. DESIGN OF THE PROPOSED VCM 


The proposed VCM implements bilateral Halbach array 
instead of the traditional monolithic permanent magnet which 
functions as the stator. This structure can improve the flux 
density and increase the output force greatly. Furthermore, 
parallel structure is applied which can effectively reduce the 
volume of the motor and provide greater output force. Thirdly, 
the thermal performance of the motor is effectively improved 
by less winding turns. Meanwhile, coils fixed on the coil 
skeleton in subsection can enlarge cooling area. 


Fig. 1 shows the basic structure of a moving coil-type 
VCM. The VCM is composed of 1-yokes, 2-permanent 
magnets, 3-coill, 4-coil2, 5-coil3, 6-coil skeleton and 
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7-flexure-supporting bearings. Its operating principle can be 
described as follows: the permanent magnets are fixed on 
yoke and the whole component works as a stator. The coils 
and coil skeleton constitute motor mover. Winding direction 
of coill is same as coil3, and is opposite to coil2. This 
structure and Halbach array ensure the directions of Lorentz 
forces generated by these three coils are identical, when 
single-phase DC current flows through the coils. When the 
direction of DC current is changed, the direction of Lorentz 
force is changed as well. With the change of the current 
direction, the motor mover can reciprocate in the air gap 
magnetic field. Flexure-based support structure includes 
rectangular flexible hinge and reinforcing plate. When 
Lorentz force generated by coils is transmitted through the 
coil skeleton to flexible support structure as shown in Fig.1, 
the rectangular flexible hinge yields elastic deformation. Then, 
the mobile platform fixed on mover is driven by VCM. The 
output force of VCM is proportional to the value of current, 
meanwhile elastic deformation of the rectangular flexible 
hinge is proportional to the applied force. Thus, elastic 
deformation of the rectangular flexible hinge is proportional 
to the value of current. Therefore, we can control the 
displacement of mobile platform by controlling the value of 
current. Based on micro deformation of rectangular flexible 
hinge, nanometer-level positioning of mobile platform can be 
achieved. 


Direction of motion 
f- — 


1-Yokes,2-permanent magnets,3,4,5-coil, 


6-coilskeleton,7- flexure-supporting bearings 
Fig. 1 Basic structure of a moving coil-type VCM 


HI. DYNAMICAL MODEL OF THE PROPOSED VCM 


A. Lorentz force 

The thrust force of the VCM is equivalent to the Lorentz 
force generated by coils. The value of thrust force is 
proportional to the value of input current, Z, magnetic flux 
density of air gap field, B, the length of coil treading air gap 
field, 1, and the number turns of coils, n. The thrust force can 
be expressed by 


F =nBil (1) 


K is defined as force - current constant of VCM, it can be 
represented by 


K =nBl (2) 


So F can be rewritten as 
F=KkKI (3) 


From (3), it is known that the thrust is proportional to the 
current 


B. Mechanical model of the flexure-based support 


The mover is supported by flexure-based in this paper. 
Based on the elastic deformation of the flexible support 
structure, positioning of VCM can be achieved. Flexible 
support uses rectangular flexure hinge and dual-complex 
parallel four-bar mechanism. Flexible support includes eight 
branches. And, each branch consists of two flexure hinges and 
one arm. When dual-complex parallel four-bar mechanism 
shifts in the direction of movement, flexure hinge and arm 
generate bending deflection and stretcher strain independently. 
Since the displacement of the moving stage is much larger 
than the length of branch and the influence of stretcher strain 
is very small, the influence of stretcher strain can be ignored 
when calculating the stiffness of flexible support!”), 


Base plate(fixed) 


flexible 
support 


< Thrust 


Base plate(fixed) 


Fig.2 Equivalent mechanical model of VCM 


Moving voice coil structure is used in the proposed 
design. Lorentz force generated by coils acts on the flexible 
support structure through interconnecting piece. Under the 
action of Lorentz force, flexible support structure will 
generate elastic deformation. Fig.2 shows equivalent 
mechanical model of VCM. If we define stiffness of flexible 
support, displacement of mover as G and x independently, 
displacement of mover can be represented by 


gat (4) 
G 


Fig.3 Equivalent model of flexible support structure 


Integral method is used to calculate the stiffness of the 
flexible support. The parameters (L),L2,7;t) of (5) are depicted 
in Fig.3. The stiffness of the flexure-based support can be 


described as!®: 
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G=- 7 (5) 


1 2 2 3 
prt pes Obs 14121115 +813) 


where, E and b are Young modulus of elasticity of spring 


steels and the width of flexible support structure respectively, 


IV. MAGNETIC CIRCUIT ANALYSIS 


Equivalent magnetic circuit method is employed to 
analyze design parameters of the VCM. Then, we will assess 
the rationality and reliability of these parameters. Due to the 
symmetrical structure of the VCM, only one magnetic pole is 
analyzed by Equivalent magnetic circuit method. Fig.4 shows 
the diagram of equivalent magnetic circuit. 
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Fig.4 Diagram of equivalent magnetic circuit 


Computational process of magnetomotive force F; as 
follows: 


Brlmı 
F, = Alyy = — 
Hohrm 
Brlms 
F; = Hlas = — 
5 ms a, (6) 
Fi = F, = F, = F, 
F; = F6 


where, F; is the magnetomotive force, B, is residual 
magnetism, lmi is the length of permanent magnet in 
magnetic circuit, 4g is magnetic conductance of vacuum, 
Lym 1s relative permeability of permanent magnet. 

Magnetic resistances of permanent magnet Rymj as 


follows: 


R 2m it 
Pr ident  Hohpmâmi 
R — lms n m 
pms HAms HoHrmAms (7) 


Romi = Rpm2 = Rpm3 = Rpm 
Roms = Rome 
where, lmi is the length of permanent magnet in magnetic 
circuit, Ug is magnetic conductance of vacuum, HL; iS 
relative permeability of permanent magnet, Am; is effective 
area of permanent magnet in magnetic field. 


Magnetic resistance of air gap R,;can be derived as 


follows: 
l 
R = al 
Al gA 
— laz 
Raa = HoA2 (8) 
Ray = Rag 
Raz = Rag 


where, lai is the width of air gap in magnetic circuit, pọ is 
magnetic conductance of vacuum, 4; is effective area of air 
gap in magnetic field. 
Magnetic resistance of coil Rc; as follows: 
l 
Ve > The (9) 
Ra = Rep 

where, [,; is the length of coil in magnetic circuit, Uo is 


magnetic conductance of vacuum, Mye is relative permeability 
of coil, A,; is effective area of coil in magnetic field. 


Magnetic resistance of yoke Ry as follows: 


R. = lı _ Ud 

11 = 

HAN Mobri An (10) 
Rn = Rz 


where, ly is the length of yoke in magnetic circuit, Ug is 
magnetic conductance of vacuum, Uyi is relative permeability 
of steel, A); is effective area of yoke in magnetic field. 


For loop 1: 

Fel = v4 = 4Brln1 
= 4i=171 — 

Holrm 

ĉi _ 4 4 2 
R? = Vi=1Rpmi + Mist Rai + Die Rci 
Alm1 2laı 2laz2 2le4 
Holrm4m1 = Ho41 Ho 42 HorcAc1 
Ø Fel 
1 = Ser 
RC1 
11 
Fc = 6 — 2Brlms ( ) 

= Li=5*i — 

Horm 

c4 — 6 4 2 
R= Vie Romi tle Rai + Bi=1 Rci 
2lms 2lq1 2la2 2le4 
Holrm4ms HoA1 HoA2 HokrcAci1 

Fee 
Ø, = Re 


where, F°! is the sum of magnetomotive force of 4 big 
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permanent magnets, F°* is the sum of magnetomotive force 
of 2 big permanent magnets, Rİ is the sum of magnetic 
resistance, Ø; is magnetic flux. 

For loop 2: 


F? = F, = ms 

Horm 

R? = Rn + Roms 
—_ in, ims (12) 
HobriAi1 


HolrmAms 
F°? 
@2 = Ree 
where, F°? is the sum of magnetomotive force of loop2, R“ 


is the sum of magnetic resistance, Ø; is magnetic flux. 


For loop 3: 
Ø; = Øz (13) 
The leakage magnetic flux as follows: 
Ø, = %,- 9, (14) 
The total magnetic flux through the main air gap as 
follows: 
Ø- = Ø, + Ø, (15) 
The average magnetic flux density of air gap as follows: 
Bz = E (16) 


V. FINITE ELEMENT ANALYSIS OF THE VCM 


Based on calculation and analysis, initial parameters 
such as number of magnets (28), gap width (Smm), yoke size 
(thickness 5mm) are identified. To achieve optimal 
performance of VCM, FEM is used to verify the rationality of 
these parameters and to optimize them. Fig.5 shows the 
simulation diagram of magnetic field line. 


Fig.5 Simulation diagram of magnetic line of force 


A Simulation of the impact of the air gap length 


To determine the impact of air gap length in the magnetic 
field, simulation model is built for different gap lengths 
based on preliminary parameters of permanent magnet. The 
distribution of the air gap flux density is shown in Fig.6, 
where (a), (b) and (c) show the flux density when the air gap 
length is 3mm, 6mm and 8mm respectively. To show the 
impact of gap width on flux density more clearly, the average 
magnetic flux density curve of different air-gap lengths are 
shown as Fig.7 (the air-gap length is from 3mm to 8mm). 
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Fig.6 Air gap flux density cloud map 


Based on numerous simulation results, we can find that 
when the air-gap length increases, the flux density will 
decrease, the impact of ending effect becomes more obvious 
and the fluctuation of flux density becomes biger. Ending 
effect and the fluctuation of flux density will have negative 
effect on the reliability of output force. Small air-gap length 
could generate stabilized force, but the value of force will be 
smaller. On the contrary, large air-gap length could generate 
bigger force, but the stability of force becomes worse. After 
considering these factors, air gap width 6mm is selected in 
this design. Subsequent simulation analysis is carried out 
based on this result. 


B(T) 
1.4 *—gap=3mm + gap=4mm-— + gap=Smm 
à +-gap=6mm_ — gap=7mm gap=8mm) 
od es, — 
sneer hl a *\ 
1.0 S**eecccege aineosi | 
0.8 | "aN | P 4 
if +! 
0.6 j 
0.4 \ 
0.2 
i, 
: d 
0.0 7 T r T T T T T e v — wr 
0 10 20 30 40 50 60 70 
Position(mm) 


Fig.7 The average magnetic flux density curve of air gap field in 


different widths 


B Simulation of the impact of permanent magnet thickness 


To clarify the impact of permanent magnet thickness on 
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air-gap magnetic field, permanent magnet simulation model is 
built for different permanent magnet thickness (the thickness 
from 5mm to 12mm). The average magnetic flux density 
curve in different thickness and magnetic flux density curve 
obtained by equivalent magnetic circuit method are shown as 
Fig.8. 


—s— Calculated Value 
e Value of Simulation 


E 
51.24 — s 
4 . 
1.04 . i =a 
e = aa 
| Peg 
0.8 4 al 
. 


3 4 5 6 7 8 9 10 11 12 13 
h (mm) 


Fig.8The curve of average magnetic flux density 


Based on the simulation results, we can find that when 
the thickness of the permanent magnet increases, the flux 
density increases. But with the increased thickness per 1mm, 
corresponding increment of magnetic flux density becomes 
smaller. 


C Simulation of force 


After completing the calculation and analysis of the 
magnetic field, simulation model is built for analyzing the 
output force of the VCM. The difference value between the 
thrust force generated by coils in each position and the 
average value of the force is defined as force ripple in this 
paper. When the current is constant, the thrust force of the 
VCM at each location within stroke and thrust accuracy are 
important performance for the VCM which will be used for 
driving nano-positioning device. Stroke is determined by the 
value of force, meanwhile, force ripple affects positional 
accuracy. When the current is 0.5A, the curve of average 
output force is shown in Fig.9. And the curve of force ripple is 
shown in Fig.10. The volume of permanent magnets is the 
same with which in references [1]. From these two figures, we 
can observe that the force-current ratio can reach 90 N/A, and 
the force ripple is within the scope of +0.19 N, which is about 
+0.42% of the average output force. 


VI. CONCLUSIONS 


A novel moving-coil VCM based on the bilateral 
Halbach array of permanent magnets has been proposed in 
this paper. The VCM implements bilateral Halbach array 
instead of the traditional monolithic permanent magnet as the 
stator. Three separated coils with the slotted coil skeleton 
function as the mover. Equivalent magnetic circuit method 
and the finite element analysis (FEA) are implemented to 
analyze the performance of the VCM. The analysis results 


show that the VCM can achieve a force-current ratio of 90 
N/A and the force ripple of +0.19 N . 
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Fig. 9 Thrust force when 0.5A current is applied 


In the future work, the three coils of the VCM will be 
operated separately to achieve high positioning accuracy with 
the concept of novel macro-micro dual stage control scheme. 
Specifically, these 3 sets of coils can be organized as 2 sets of 
coils in parallel which is used to generate the big force for 
macro-positioning, and the middle coil is employed to 
generate a small force for micro-positioning. 
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Fig. 10 Force ripple of the proposed VCM 
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